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Abstract: The wireless communications regarding unmanned aerial vehicles (UAVs) have been investigated for the
usage of base stations (BS) to provide Internet access. This paper presents the usage of a UAV as a pairing user to
enhance the sum capacity by flexible pairing in nonorthogonal multiple access (NOMA). In the proposed scheme, the
UAVs and the ground users (GUs) get paired to promote the line-of-sight (LoS) characteristics. The performance of
flexible pairing is presented in terms of sum capacity, outage probability, and throughput with the LoS path loss. Channel
modeling is necessary to apply flexible pairing by utilizing the LoS characteristic as a special case. Moreover, the height
of the UAV is calculated based on the elevation angle. It is revealed that the LoS path loss determines the effect on the
channel covariance. The analysis of the flexible pairing is shown with Monte Carlo-based simulation and analytic results
are validated to maximize throughput.
Key words: Nonorthogonal multiple access (NOMA), unmanned aerial vehicle (UAV), ground user (GU), ergodic sum
capacity, throughput

1. Introduction
In 6G networks, a combination of 5G services leads to extreme coverage and data rate superior to that of
5G [1]. One requirement of 6G network is the capacity which is satisfied with applying advanced wireless
transmission technology [2]. In recent years, nonorthogonal multiple access (NOMA) has been recommended as
the predominant and leading radio access technology (RAT) to increase system capacity and connection densities
in 3rd Generation Partnership Project (3GPP) [3]. NOMA utilizes nonorthogonal resources to overcome a
limited number of available channel resources. Its superiority has been demonstrated in terms of the overall
system capacity and simple decoding structure, i.e. successive interference cancellation (SIC) [4]. In general,
one pairing for two users are typical in NOMA for downlink scenario because of the decoding complexity and bit
error rate (BER) performance [5–7]. Additionally, massive connectivity is required to support a large number
of devices in the Internet of Things (IoT) networks. Unmanned aerial vehicle (UAV) has made an appearance
to support massive connectivity.
Recently, UAV communication networks have attracted interest and been investigated in the literature
[8, 9]. UAV communication network brings various benefits such as the flexibility of deployment, coverage,
throughput and energy eﬀiciency. The performance is improved by optimizing parameters such as bandwidth
control, power allocation, UAV placement, and UAV trajectory.
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Among these perspectives, UAV placement is one of critical problems to solve and compromise network.
The conventional communication is operated in a rich scattering environment with multiple communicating
antennas and connected users. Otherwise, a UAV allows communication within a poor scattering environment.
Moreover, the link reliability in the UAV network is affected by the location and height of the UAV. Due to
battery issue on the UAV, the UAV generally relies on equipping the single antenna in [10, 11].
1.1. Related work
The related works have investigated on the handling UAVs with NOMA to satisfy the high data rate and broad
coverage [12–15]. In [16], optimization problems for placement and power allocation (PA) were jointly proposed.
In [17], a max-min rate optimization problem was proposed with constraints such as UAV altitude, transmit
antenna bandwidth, PA, and bandwidth allocation for multiple users. In [18], a 3-D UAV framework, which
was utilized with a stochastic geometry model, was proposed to provide wireless services.
The earlier research on UAV–NOMA networks has focused on the extension of transmit range and multiple
connection over the cells. UAV is employed for BS and provides wireless services for other users over the cells
[19, 20]. Otherwise, the role of UAV as a serving user also is needed as a direction of research. For this approach,
a strategy of UAV placement and other pairing schemes are necessary to be prescribed and considered. Herein,
a strategy for flexible pairing is proposed for a UAV and ground users (GUs) according to the UAV’s location;
height and distance from BS. Flexible pairing allows users to switch own roles based on capacity maximization
and channel modeling.
1.2. Contributions
In this paper, the UAV is utilized as a user to get paired with static GUs. We assume that the routine of a
UAV is limited within a cell for surveillance purposes. The GUs are assumed as IoT devices which is located
to support UAV’s surveillance. Flexible pairing is proposed for the UAV routine and the optimization problem
is solved according to the UAV’s location. Channel modeling is proposed to maximize the line-of-sight (LoS)
characteristic.
Principal contributions of the paper are as follows:
• This paper investigates the issues that arise due to the different roles of the cell center user (CCU) and
the cell edge user (CEU). It is assumed that GUs are IoT devices to equip single antenna and a UAV flies
within a cell.
• Two scenarios are considered based on the location of a UAV and a GU. For these scenarios, we analyze
the performances on the system model according to LoS effects on a CCU and a CEU.
• The performances are derived and validated in terms of sum capacity, outage probability, and throughput
through simulation and analytical results.
1.3. Remainder of the paper
The remainder of this paper is organized as follows. Section 2 discusses the system model in which channel
modeling and flexible pairing are shown using the outage probability and throughput, respectively. The results
are presented in Section 3, including the outage probability and throughput-varying conditions. Section 4
presents the conclusions drawn from this research.
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2. System model
The system model indicates that the routine of a UAV is limited within a cell for surveillance purposes. The
GUs are assumed as IoT devices which has single antenna because of battery issue. The UAV moves in the
same direction for simplification. However, it does not maneuver at the same velocity to make variations in
the UAV’s location. Following this assumption, a UAV can be a CCU or CEU depending on its distance from
the BS. Figure. 1 illustrates the cell scenario involving a single UAV and multiple GUs, which communicates
using the NOMA principle. It is assumed that the BS serves a single UAV and multiple GUs equipped with
one receive antenna. The received signal for ith user is expressed as follows:

yi = hi

N √
∑

ρϕi xi + ni ,

(1)

i=1

where hi is the Rayleigh fading channel for i th user, xi is the transmitted signal for ith user and ni denotes
the additive white Gaussian noise (AWGN) with zero mean and variance σ 2 for i th user. In addition, ρ is the
transmitted power from BS and ϕi is PA coeﬀicient for i th user.

Figure 1. System model.

Following the NOMA principle, the users share same frequency resources that experience interference
where a CCU and a CEU have a single pairing. To reduce the interference, SIC is performed at the CCU
decoding CEU signal because a higher PA coeﬀicient is assigned to the CEU. While the CEU receives less
interference from the lower PA coeﬀicient, the CEU deals with the CCU signal as noise. The K number of
CEUs and (N − K) number of CCUs are assumed in the proposed system. The received signal-to-interferencenoise-ratio (SINR) for the ith CEU ( 1 ≤ i ≤ N − K ) is expressed as

Γi =

ρ|hi |2 ϕi
.
∑
K
ρ|hi |2 j=i+1 ϕj + σ 2

(2)
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The received signal-to-noise ratio (SNR) for the ith CCU ( K ≤ i ≤ N ) is expressed as
Γi =

ρ|hi |2 ϕi
.
σ2

(3)

From eqs. (2) and (3), the capacity for the i th user can be expressed as
(4)

Ri = log2 (1 + Γi ).
2.1. Channel modeling

As shown in Figure 1, there are two types of channels in the networks: the U2G channel (from a UAV to a
GU) and the G2U channel (from a GU to a UAV). Both channels have an LoS environment and surrounding
buildings, similar to the standardized terrestrial communication. The elevation angle is used to calculate the
height of the UAV based on the distance and is given by
(
θi = arctan

dv,i
dh,i

)
(5)

,

where dv,i is the vertical distance which means height for ith user and dh,i is the horizontal distance for i th
user, respectively.
The U2G and G2U channels can have LoS or non-LoS (NLoS) circumstances owing to the location of the
UAV. Without considering the carrier frequency, the approximate path loss model is given by [21, 22]
(6)

PL (dv,i ) = 10α log10 (dv,i ) + β(θi ),

where β(θi ) is a constant for LoS path loss which is decided by elevation angle and α is the path loss exponent.
From the approximate path loss model, the channel variance is calculated using the path loss exponent
and received signal strength. From eq. (6), the UAV is expected to be placed in better channel conditions than
the GU because of the LoS path loss. The channel variance is used to calculate the ergodic capacity, which
increases when the channel variance and distance of ith user are decreased. In this channel modeling, it is
assumed that antenna characteristics do not affect the path loss.
2.2. Flexible pairing
Following the proposed system model, the UAV flexibly moves between the distributed GUs. At the specific
point, the role between CCU and CEU is changed depending on the distance. Without loss of generality, the
number of users for the pairing is typically limited to two. But the sum capacity can be improved by altering
the height of the UAV and PA coeﬀicients. In this regard, achievable capacity for the CCU and CEU from [23]
can be expressed as follows:
R1 = log2 (1 + Γ1 ) = log2 (1 + ρϕ1 |h1 |2 )
R2 = log2 (1 + min(Γ2 , Γ2→1 ))
(
= log2 1 + min
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,
2
ρϕ1 |h2 | + 1 ρϕ1 |h1 |2 + 1
2

2

(7)

))
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2.2.1. Outage probability
In this subsection, a closed form for the outage probability of the CCU and CEU is derived. The outage
probability is defined as the cumulative distribution function (CDF) of the received SNR/SNIR evaluated at
the rate threshold, γth because of the variable channel capacity. Additionally, the outage probability includes the
connectivity parameter between the UAV and the GU because of avoiding the binary problem for connectivity.
The CCU and CEU of exact probability density functions (PDFs), which are derived from eq. (7), can be
rewritten as follows:

{
}
R1
F1exact = ε 1 − Pr (γ1 > 2 B − 1)
{

F2exact

(

))}
1
= ε 1 − exp −γ1
ρξ1 ϕ1
{
}
R2
= ε 1 − Pr (γ2 > 2 B − 1)
{

(

(

(

= ε 1 − exp −γ2

(8)

1
ρξ2 (ϕ2 − ϕ1 γ2 )

))}
,

where ξi is the mean of fading channel |hi |2 , ε is threshold of connectivity between the UAV and the GU, and
γi = 2Ri − 1 is the desired threshold including target rate, Ri . The target rate varies with the transmit SNR
ρ and is calculated from eq. (7). For fairness between the CCU and CEU, the bandwidth B is normalized. An
explanation of eq. (8) is provided in detail in Appendix A.
Asymptotic approach is derived to describe the limiting behavior of the proposed scheme. For the high
SNR ( ρ → ∞ ) approximation where exp(x) ≈ 1 + x for x → 0, the asymptotic expressions can be obtained as
follows:
F1∞
F2∞

(
= εγ1
(
= εγ2

1
ρξ1 ϕ1

)

1
ρξ2 (ϕ2 − ϕ1 γ2 )

(9)

)
.

2.2.2. Throughput analysis
The maximization of received SNR brings optimization of outage probability performance. In addition, parameters such as SNR, PA coeﬀicients, and target rate affect the outage performance of each user. Thus, the
selection of adjusting parameters is important to achieving the desired performance. By using [24] [Eqs. (14)]
with some modification, the CDF based throughput can be written as
τi = εγi (1 − Fiexact ), ∀i = 1, 2.

(10)

From eq. (10), CDFs are substituted into throughput formulations, which can be obtained as follows:
(

(

τ1 = εγ1 exp −γ1
(
τ2 = εγ2 exp −γ2

(

1
ρξ1 ϕ1

))

1
ρξ2 (ϕ2 − ϕ1 γ2 )

(11)

))
.
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2.2.3. Optimization
The elevation angle and PA coeﬀicients are separately considered to maximize the throughput. The optimization
problems should be solved with flexible pairing based on the distances of the UAV and the GU. First, the
benefit comes from finding the optimal elevation angle when the UAV is a CEU. Second, finding optimal PA
coeﬀicients for a CEU and a CCU is the way to improve performance. In this regard, the optimization problems
are formulated as follows:
max τ = τ1 + τ2
θ2

max τ

ϕ1 ,ϕ2

subject to dv,U > dv,G

(12a)

subject to dv,U < dv,G ,

(12b)

where dv,U and dv,G are vertical distances for the height of UAV and GU. Reverse derivation is needed to
solve the problems by minimizing the system outage probability, which carries maximization of the throughput.
In addition, the LoS probability help to select the optimal elevation angle, which is changeable based on the
environment parameters. The LoS probability calculation is easily derived as a closed form of approximation.
The analytical approach is preferred rather than a statistical approach, and it can be approximated to a slightly
modified Sigmoid function [25] as follows:
PLoS (θi ) =

1
,
1 + a exp(−b(θi − a))

(13)

where a and b are environment parameters, which are determined according to the building density and height.
In Figure. 2, the LoS probability is shown with four selected environments: Suburban (8,0.45), Urban (15,0.2),
Dense Urban (20,0.2), and Highrise Urban (25,0.1) for (a, b) .
1
0.9
0.8

LoS Probability

0.7
0.6
0.5
0.4
0.3
Suburban
Urban
Dense Urban
Highrise Urban

0.2
0.1
0
0

10

20

30

40

50

60

70

80

90

Elevation Angle,

Figure 2. LoS probability with respect to elevation angle.

Differentiation is used to solve the convex problem with respect to ϕ1 and ϕ2 , the seeking derivation for
PA coeﬀicients can be obtained as follows:
( )
∂F1∞
Ω ε
=−
∂ϕ1
ρ ϕ21
(14)
∂F2∞
εΩ
,
=−
∂ϕ2
ρ(ϕ2 − ϕ1 γ2 )2
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where Ωi =
γ2 <

ϕ2
ϕ1

( )
γi
ξi

and F ∞ = F1∞ + F2∞ . From eq. (13), ϕ2 − ϕ1 γ2 > 0 term is set to positive and changed to

within ϕ2 > ϕ1 . The value of γ2 is the key to selecting PA coeﬀicients where the distance of the UAV

is closer than the distance of the GU.
3. Numerical results
In this section, we present the simulated and analytical results to show the performance of the flexible pairing
in terms of sum capacity, outage probability, and throughput. The system bandwidth is normalized to B = 1
and the radius of a cell is also normalized. Here, the maximum vertical distance is defined as dv = 1 and the
connectivity parameter between the UAV and the GU is defined as ε . The total transmit power of the BS is
equal to 1 and path loss exponent is 4. The traﬀic environment is assumed as Urban (15,0.2) where the UAV is
assigned as a CEU is located. Based on this condition, the LoS path loss varies with the elevation angle from
10 to 60, and path loss scalar is equal to 23.29. The PA coeﬀicients are fixed as ϕ1 = 0.2 and ϕ1 = 0.8 , where
the distances for a CEU and a CCU are d1 = 0.2 , d2 = 1 . According to the flexible pairing, the role of users
can be changed to CCU or CEU. In scenario S1, the CEU is assigned to the UAV and the CCU is assigned to
the GU. The scenario S2 is the reverse assignment case.
In Figure 3, the sum capacity comparison with respect to transmit SNR is shown in scenario S1 to
compare the effect of LoS effect. The proposed scheme outperforms the conventional where SNR, ρ is below
20[dB].
The sum capacity comparison is shown with respect to difference distance d1 and d2 in Figures 4 and
5. In scenario S1, the sum capacity flow is similar between the conventional and proposed scheme. Because the
proposed scheme gets less the Los effect when the CCU is the GU.
20

23
CONV (sim.)
CONV (ergodic)

18.6

22

18.5

°

PROP with =10 (sim.)

21

PROP with =10 ° (ergodic)

Sum Capacity (bits/sec/Hz)

Sum Capacity (bits/sec/Hz)

18

PROP with =60 ° (sim.)

16

°

PROP with =60 (ergodic)

14

12
10.3

10

10.2

18.4

20

18.3
0.196 0.198

17
16
CONV (sim.)
CONV (ergodic)

10
4.8

5

5

10

15

Transmit SNR,

20

PROP with =60 ° (ergodic)

5.2

6
0

PROP with =60 ° (sim.)

14

9.9

25

[dB]

Figure 3. S1: Sum capacity comparison.

30

0.202

18

15

10.1

8

0.2

19

13
0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Normalized distance of the GU (d1 )

Figure 4. S1: Sum capacity comparison.

In Figure 6, the sum capacity comparison with respect to transmit SNR is shown in scenario S2 to
compare relationship between elevation angle and Los effect. The sum capacity is improved by increasing the
elevation angle, θ because the LoS effect is more powerful than that of S1. Therefore, it is revealed that the
enhancement of sum capacity by adjusting elevation angle is proportional.
The sum capacity comparison is shown with respect to difference distance d1 and d2 in Figures 7 and
8. In scenario S2, the sum capacity is dramatically increased compared with that of S1. The sum capacity flow
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is similar between the conventional and proposed scheme. Because the proposed scheme gets less the Los effect
when the CCU is the GU. The proposed scheme shows saturated capacity which is under the same conditions
owing to LoS characteristic.
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Figure 5. S1: Sum capacity comparison.
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Figure 6. S2: Sum capacity comparison.
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Figure 7. S2: Sum capacity comparison.

0.45

8
0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Normalized distance of the GU (d2 )

Figure 8. S2: Sum capacity comparison.

In Figure 9, the asymptotic and exact analysis for outage probability are shown to compare the conventional and proposed. The outage probability flow is similar between the conventional and proposed scheme.
In Figure 10, the asymptotic and exact analysis for throughput are shown to compare the conventional
and proposed. The proposed scheme outperforms than the conventional when PA coeﬀicients are assigned
following to the proposed optimization. Due to difference on achievable capacity, the proposed optimization has
higher than that of conventional where the SNR is over 8[dB]. It is evident that there is close saturation after
30[dB], which means the high SNR, because maximum capacity i.e. Shannon’s capacity is limited.
In Figure 11, the asymptotic and exact analysis on throughput are shown with respect to connectivity
threshold. We assume that the connectivity also is unstable because of switching role of the CCU and the CEU.
The throughput performance becomes worse where the connectivity is uncertain, which is same with increasing
connectivity threshold.
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Figure 11. Throughput comparison with ε .

4. Conclusion
In earlier wireless communications, UAV networks have been investigated for the usage of BSs to provide Internet
access. However, the proposed approach considers a UAV as one user for pairing in NOMA to maximize the
throughput. This paper presents the flexible pairing and channel modeling to solve optimization problems. In
addition, we derive analytical and simulated analysis using various performance metrics such as sum capacity,
outage probability, and throughput. The performance enhancement is come up with the LoS effect, which
determines the channel covariance. Hence, the throughput analysis indicates that the flexible pairing where
PA coeﬀicients are assigned following to the proposed optimization outperforms than the conventional scheme.
Flexible pairing can be extended to apply other robotic applications by using their mobility to enhance the
performance of NOMA. In the future work, multiple UAVs and pairing will be considered to formulate problems.
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A. Appendix
Derivations of the PDFs F1 (γth ) and F2 (γth ).
F1 (γth ) = Pr (γi ϕ1 ≤ γth )
)
(
γth
= P r γi ≤
ϕ1
(
)
γth
= 1 − Pr γi ≥
ϕ1
(
(
))
γth
= 1 − Pr 1 − Fγi
ϕ1
−γ

(

1

(15)

)

= 1 − exp th ρξh ϕ1
(
)
γi ϕ2
F2 (γth ) = Pr
≤ γth
γi ϕ1 + 1
))
(
(
γth
= P r γi ≤
ϕ2 − ϕ1 γth
(
(
))
γth
= 1 − Pr γi ≥
ϕ2 − ϕ1 γth
))
(
(
γth
= 1 − Pr 1 − Fγi
ϕ2 − ϕ1 γth
)

(

= 1 − exp

−γth

(16)

1
ρξh (ϕ2 −ϕ1 γth )

,

where the arguments of the functions are nonnegative. The power of exponentials in both functions should
guarantee to satisfy the basic PDF and CDF characteristics.
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